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The objective of this thesis is to evaluate the sources of the differences between 
the NO2 satellite retrieval products provided by the Royal Dutch Meteorological Institute 
(KNMI) and the National Aeronautics and Space Administration (NASA).  Ground 
studies have shown that although both products use the same satellite, these products 
yield different observations for NO2 tropospheric columns concentrations.  This study 
does not validate either retrieval product, but rather indentifies the main sources for the 
discrepancy. 
 
There are several parameters which allow successful retrieval of NO2 vertical 
columns.  For this study, only the difference between the radiative models and the a priori 
NO2 chemical transport models were considered relevant.  All other parameters, such as 
cloud properties, slant columns, stratospheric serration and their assumptions, were held 
constant. Here, the models are referred to by their proprietor’s acronym: “TOMRAD” 
refers to the radiative model used by NASA, “DAK” refers to the radiative model used by 
KNMI, “TM4” refers to the a priori chemical transport model used by KNMI, and 
“REAM” refers to the a priori chemical transport model maintained by the School of 
Earth and Atmospheric Sciences at the Georgia Institute of Technology.  Mixing these 
parameters creates four retrievals for comparison. 
 
Many significant differences were identified after comparing these four retrievals.  
First, there are viewing geometry biases between the port side and the starboard side of 
xvi 
 
the satellite retrieval for each swath.  These viewing geometry biases lead to artificial 
periodicities in the retrievals of NO2 tropospheric vertical columns over a specific 
coordinate or site, such as a city.   Furthermore, there were significant differences found 
after using different a priori NO2 chemical transport models.  The low horizontal 
resolution of TM4 and the satellite retrieval/TM4 coupling effect compared to REAM 
leads to considerable questioning of the near real time application of the KNMI NO2 
retrieval product.  Though the TM4 model performs poorly, TM4 retrievals do perform 
nearly as well as REAM retrievals at capturing day-to-day variability and the spatial 
variability of the cities used as examples here. The retrievals using TOMRAD 
outperformed the retrievals using DAK when compared to the high resolution, hourly 
REAM a priori chemical transport model.  In sum, these findings should lead to better 
optimizations of both the KNMI and NASA retrievals, and thus make their publicly 






Understanding the behavior of nitrogen dioxide (NO2) in the troposphere is 
important because of its role in producing ozone via photochemistry.  Excessive amounts 
of ozone currently pose an air quality problem to the ambient health of many cities 
around the world.  Chemical transport models are a key first step to estimating the 
production of ozone and for developing mitigation strategies to avoid the adverse health 
effects of ozone.  These models, hence the policies they promote, rely on accurate 
emission inventories of NO2 and other trace gases to make accurate predictions.  Such 
accuracy can only be bounded by in-situ observations.  Because of the regional scale of 
the ozone air-quality problem, the best available resource for making those observations 
with widespread coverage and temporal dependability are satellites.    
 
There are several NO2 satellite retrieval products out on the market today.  These 
include NO2 products from the satellites GOME, SCIAMACHY, and OMI (Boersma et al. 
2007).  OMI is the latest product made available and it is the focus of this work. The Royal 
Dutch Meteorological Institute (KNMI) and the National Aeronautics and Space 
Administration (NASA), have both developed NO2 retrieval products to observe NO2 
column concentrations in the troposphere (Bucsela et al. 2008).  These products are widely 





Presently, there are several gaps in the understanding of how such satellite 
retrievals and chemical transport models are to be coupled (Boersma et al. 2008).  Models 
rely on satellite retrievals to be constrained; nevertheless, satellite observations rely on 
model a priori NO2 vertical distributions to derive the retrieval (OMI Algorithm 
Theoretical Basis 2002).  The satellite cannot distinguish NO2 as a function of pressure 
altitude.  Rather, the satellite measures NO2 as a function of the slant column area seen by 
its sensor.  The retrieval thus relies on an a priori vertical profile to discriminate near 
surface or boundary layer NO2 from that of stratospheric NO2 aloft.   
 
Retrievals are further complicated by sensitivities to weather conditions affecting 
the Earth’s radiative properties.  Such conditions are cloud coverage and cloud heights or 
seasonal albedo extent due to snow and ice coverage (Boersma 2004).  Although these 
effects are discussed in the introduction, they are not considered here as important as the 
a priori and radiative models.  The KNMI meteorological parameterization: cloud 
coverage, cloud height, cloud radiance, and surface albedo, are test constants in this 
study.  There are three contributing steps that most influence the discrepancy between 
retrieval products: stratospheric separation, atmospheric radiative transfer, and a priori 
vertical distribution of NO2 (OMI Algorithm Theoretical Basis 2002).   These three 
processes have profound implications that ultimately affect actual air quality control.   
1.1 OMI NO2 Algorithm Theoretical Basis 
Satellite measurements of NO2 slant columns are based on Differential Optical 
Absorption Spectroscopy or DOAS.  The slant column density is determined by the 
absorption of photons along the path of light of interest to the sensor relative to the 
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number of photons at the top of the atmosphere.  The ratio of the radiance at the top of 
the atmosphere, I, to the extraterrestrial solar irradiance, E, is defined as the reflectance 
spectrum, R: equation 1.  In general, I, E, and R are functions of wavelength, zenith angle 
and sun-satellite azimuth angle.  
             (1) 
 
A least squares fit of the modeled spectrum to the natural log of the measured 
spectrum is used to relate radiance to the NO2 slant column concentrations.  This is 
assumed to obey the modified Lambert – Beer law: equation 2. 
                            (2) 
This formula is solved for the NO2 slant column density, Ns.  Sigma, σ, is the 
effective absorption cross-section including the ring effect and the absorbing effects of 
other molecules plotted in Figure 1.1.1 for each NO2 molecule, i. The third-order 
polynomial, P3, accounts for multiple scattering and absorption, Mie scattering, and 
surface albedo.  The slant column densities and polynomial coefficients are determined 
by a least square fitting that minimizes the cost function between the observed reflectance 
and the modeled reflectance. 
 
A fitting window with wavelengths of 405 – 465 nm is used by KNMI and NASA 
to minimize NO2 slant column concentration errors (Figure 1.1.2) and to avoid absorption 
lines from other chemical species.  This window is selected by these two groups because 
it circumvents the ring effect related to the Ca(II), H, and K absorption lines at 397 – 393 
nm and O2–O2 absorption lines at 467 – 475 nm. Reference spectra for the absorption 
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cross section of NO2 were obtained from Vandaele et al. [1998].  O3 cross sections were 
obtained from Bogumil et al. [1999], H2O cross sections from Harder and Brault [1997], 
O2–O2 cross sections from Newnham and Ballard [1998], and ring effect spectra from 
Chance and Spurr [1997].   
 
Figure 1.1.1: The major absorbers within the OMI NO2 window.  Reference spectra were 
used to calculate NO2 slant columns from OMI satellite observations:  (a) H2O, (b) O2-





Figure 1.1.2: The fitting window currently used by TEMIS to look for NO2 in the 
slant column.  Each of the three lines shows the fitting error as a function of wavelength 




Air mass factors are used to estimate vertical columns from the observed slant 
columns.  The air mass factor is defined as the slant column concentration divided by the 
vertical column concentration.  This is computed for each level of the chemical transport 
model.  The air mass factor, M, then is the integral of the altitude-resolved air mass 
factor, m, times the NO2 temperature correction factor times the independent volume 
density profile, n.  
                              (2) 
The independent volume density profile in this case is NO2 predicted by the a 
priori chemical transport model.  The air mass factor is affected by the vertical 
distribution of NO2 in the chemical transport model and not the magnitude of the model.  
The viewing geometry of the satellite determines the angle and length of the slant column 
which influences the altitude-weighted air mass factor, m, equation 2.  The geometric air 
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mass factor is a function of solar zenith angle, viewing zenith angle, and relative sun-
satellite azimuth angle.  If, for example, the satellite is looking straight down and the sun 
is directly behind the satellite, then the geometric air mass factor would be exactly two.   
 
Two other complications affecting the altitude weighted AMF are clouds and 
surface albedo.  These parameters act to scatter more or less photons into the light path.  
The air mass factor for a partly cloudy pixel, M’, is derived from the independent pixel 
assumption (3).  Where, M(zc) is the air mass factor above cloud-top height, and M(zo) is 
the air mass factor above the ground for a clear scene.  The independent pixel 
approximation assumes that air mass factors can be written as the linear combination of 
cloudy and clear scenes.       
                       (3) 
The radiance-weighted cloud fraction, w, is a function of the OMI effective cloud 
fraction, c, obtained from FRESCO and the irradiance of the cloud, Icloud, and the 
irradiance of the ground, Iclear.   
                               (4) 
At nadir, the resolution of OMI is 13 x 24 km2, and as the viewing zenith angle 
increases, resolution decreases to, about 40 x 160 km2 on the ends [Boersma et al. 2008]. 
The direction of the flight and the orientation of the sensor onboard OMI are not 
perpendicular (Figure 1.1.3).   This asymmetry gives different viewing geometries and 
cell resolutions on either side of the satellite.  Since NO2 retrievals are a function of 




Figure 1.1.3: 60 pixel cross track of OMI, geometry and area [Boersma et al.2008]. 
 
 
1.2 Differences between NASA and KNMI Algorithms 
There are currently several differences between NASA's retrieval and KNMI's 
retrieval.  These differences arise entirely from converting OMI slant columns into 
vertical columns and tropospheric vertical columns.  Aside from a priori profiles, there 
are two retrieval algorithm categories in which NASA and KNMI differ: (1) the 
stratosphere–troposphere NO2 separation and (2) the degree to which the retrieval is 
sensitive to near surface NO2.   
 
After air mass factors are used to convert slant columns to vertical columns, the 
stratospheric NO2 contribution must be subtracted from the vertical column to get the 
tropospheric column. NASA stratosphere – troposphere separation works by first 
assuming that there is no tropospheric NO2 over the ocean.  Such vertical columns 
containing only stratospheric NO2 are called “clean columns”.  Wave analysis is then 
applied to these clean columns to derive the global stratospheric contribution.   This 
stratospheric model is then subtracted from the “polluted” columns to get the 
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tropospheric contribution.  KNMI uses a global chemical transport model to predict 
tropospheric and stratospheric contributions.  KNMI assumes its stratospheric model 
from TM4 and subtracts that directly from the retrieved vertical columns to get the 
tropospheric contribution. 
 
KNMI and NASA treat sensitivity to near surface NO2 differently as well.  This 
discrepancy is a function of the NO2 radiative transfer model.  Another difference between 
KNMI and NASA is how the a priori profiles are computed.  NASA uses an annual 
average NO2 a priori profile, whereas KNMI uses a fully-coupled retrieval/chemical 
transport model.  The operation flow chart for each algorithm is discussed in Figure 1.2.1.  
After each swath the analysis from the retrieval updates the chemical transport model's 










Figure 1.2.1: KNMI near-real-time and NASA standard product flow charts.  KNMI 
chemical transport model and retrieval coupling (a) and flow chart and graphic 





The differences between the NASA OMI standard product and the KNMI OMI 
near-real-time product are summarized in Table 1.2.1.  Both NASA OMI and KNMI 
OMI determine the observed slant column density from a spectral fit to Earth’s 
reflectance spectrum as described above.  However, for the stratospheric–tropospheric 
separation of the slant column, the two scripts begin to differ [Boersma et al., 2007].  
KNIM uses a retrieval–modeling chemical transport model to calculate the stratospheric 
slant column contribution.  This stratospheric contribution is subtracted from the 
observed slant column to give the tropospheric residual slant column.  This tropospheric 
slant column is then scaled by the inverse of the tropospheric air mass factor, a function 
of the a priori and radiative models, to give the tropospheric vertical column.  NASA 
OMI separates out the stratosphere by first assuming ocean tropospheric columns to be 
clean of NO2.  The NO2 measured is assumed to be entirely stratospheric, on which a 
global wave-2 zonal band fit is applied.  This is subsequently used to calculate the 
tropospheric slant column residual.  Air mass factors are calculated using yearly averaged 
NO2 profile shapes from GEOS-Chem and NASA’s own radiative model [Boersma et al., 
2007].  In this thesis KNMI TM4 and GT REAM a priori models and NASA TOMRAD 
and KNMI DAK radiative models are compared. 
 
 
Table 1.2.1: Resolution and retrieval limits of the radiative transfer look-up-table 
 Pressure SZA VZA RAA Albedo Surface Pressure 
DAK – resolution 24 13 9 10 10 10 
TOMRAD – resolution 51 5 4 4 5 5 
DAK – high limit 1100 90 60 180 1 1100 
TOMRAD – high limit 1013 88 70 180 1 1013 
DAK – low limit 0 0 0 0 0 0 




1.3 - Error analysis of satellite algorithms 
Other than these a priori NO2 chemical transport model sensitivity differences 
between NASA and KNMI, there are several other corrections which were made to the 
underlying retrieval scheme.  These include a temperature correction, a cloud fraction 
correction, and corrections for satellite specific problems such as systemic across-track 
errors.  The NO2 cross-section fit is significantly influenced by the temperature of the 
absorbing NO2.  Between the warmest and coolest atmospheric NO2 temperatures, this 
difference may be as much as 15%.  Figure 1.3.1 shows the amount of error in the slant 
column density that would occur if temperature was not accounted for.  In the extreme 
North Atlantic, NO2 slant columns would be overestimated by as much as 10%.  Whereas 
NO2 slant columns over the Northeastern United States and Western Europe would be 
underestimated by as much as 10%.  The ECMWF six-hour forecast temperatures are 
used in the TM model.  Errors in the ECMWF temperature errors are accurate up to a few 
degrees Kelvin, which translates to as much as a 1% error in the NO2 slant column 
[Boersma, 2004]. 
 









Lambert-equivalent ground reflectivity is assumed in the retrieval and has a large 
impact on AMF calculations.  Albedo uncertainty is about 2% from 60S to 60N and is 
larger outside this range.  For example, if a slant column is partially influenced by snow, 
yet climatology predicts no snow, systematic errors may occur.  The KNMI cloud 
radiance correction is thought to correct for this snow bias by creating an effective cloud 
at the ground that increases the cloud radiance fraction [Boersma et al., 2004]. 
 
As a result of these known differences, resulting in the known total AMF 
Uncertainty (Figure 1.3.2), one would expect that NASA and KNMI retrievals would 
react differently to the high resolution a priori chemical transport model REAM.  As 
described in the methods, to avoid confusing results and to allow for comparison of a 





Figure 1.3.2: Total tropospheric air mass factor uncertainty accounting for cloud fraction, 
cloud height, surface albedo, and profiles shape with cloud radiance fractions of less than 
0.5. [Boersma K. F. 2004]. 
 
 
Table 1.3.1: Results Sensitivity Analysis of the OMI DOAS NO2 algorithm [OMI, 2002]. 
 





1.4 Validation of KNMI and NASA 
 
Satellite retrievals are not direct observations, but rather an observation weighted 
by an a priori model. This model is used to determine vertical distribution of NO2 and is 
scaled by an atmospheric radiative model to back out the corrected magnitude of the 
observation.  That magnitude is constrained by performing a radiative balance at the top 
and throughout the atmosphere.   The radiative and a priori models are then verified 
against an independent source of measurements for robustness and accuracy.  Several 
organizations have completed tests to check satellite retrievals to assure they are 
functioning properly [Ionov et al 2008]. 
 
 
Wenig et al. [2004] used brewer data to validate NASA standard product retrieval.  
This data was compared to OMI cells within 15 km (the red line) and 50 km of the site 
(the blue line).  Figure 1.4.1 shows that brewer data collected to measure NO2 vertical 
column concentrations actively demonstrates that the NASA standard product 
consistently underpredicts NO2 vertical columns by as much as 50%. Celarier et al. 
[2008] found very similar results using the same technique.  Celarier et al. [2008] report 
that NO2 can vary significantly over tens to hundreds of meters and that, to some degree, 
ground measurements should be higher than satellite retrievals due to the averaging effect 




Figure 1.4.1:  Black, brewer data collected near OMI pass time, NASA Goddard 




Figure 1.4.2: Comparison of KNMI OMI Near Real Time Product to SCIAMACHY over 




Figure 1.4.3: Direct comparison of NASA and KNMI using aircraft data from the 




KNMI OMI Near Real Time Product is compared with SCIAMACHY and 
boundary layer estimates over Israel in Figure 1.4.2.  Here, KNMI OMI agrees 
reasonably well with ground measurements [Boersma et al., 2009]. The paired t-test did 
not find that either KNMI near-real-time or the NASA standard product exhibited 
significant differences between the in-situ and corresponding satellite measurements 
[Bucsela et al. 2007].  However, the INTEX-B mission demonstrates plainly that KNMI 
OMI overestimates NO2 vertical columns to a larger degree than NASA underestimates 
it.   
 
1.5  NO2 Retrieval Trends, Inversions and Variability 
To evaluate the trend of NO2 emissions, Van der A et al. [2008] created a time-
series of global NO2 emissions from a session of several inversions.  Only cells from 60S 
to 60N were used and those cells with high albedo or high solar zenith angles were 
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ignored.  Pixels with a statistically significant trend apart from zero are plotted in Figure 
1.5.1.  East China and parts of West Asia show a strong significant trend in increasing 
NO2 emissions.  Other locations such as in the Ohio Valley and northwestern Europe 
have reduced emissions as a result of strict regulation on power plant emissions.  
Nevertheless, much of North America and Europe remain statistically indifferent.  For 
other regions where less significant trends are observed, changes in albedo and micro-
climate could also affect NO2 inversions, creating trends which are not necessarily the 





Figure 1.5.1: Linear trend in NO2 emissions.    
 
 
Figure 1.5.2 – The dominant NOx source 
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The distinction between the sources of NO2 (Figure 1.5.2) is arrived at by 
comparing the mean NO2 columns over cloudy pixels and completely clear pixels at the 
same location.  If NO2 is correlated with the cloudy pixels, then lightening is said to be 
the dominant source.  The difference between soil emissions and biomass burning is 
determined by the month of peak NO2.  Soils typically have their maximum in the 
summer, and if not, it must be biomass burning.  Anthropogenic NO2 is determined by 
finding the variability of the NO2 retrieval column.  Biomass burning is highly variable, 
whereas most anthropogenic sources are constant.  By making some assumptions about 
the variability of daylight and ignoring meteorological issues, the anthropogenic 
dominant source can be back calculated [Van der A et al., 2008]. 
 
The REAM model, as described in detail by C. Zhao et al [2009], is a 
tropospheric regional chemical transport model consisting of 23 vertical layers under 10 
hPa and a horizontal resolution of 70 km.  Figure 1.5.3 shows REAM compared to 
SCIAMACHY retrievals for four different simulations.  One was run with MM5, one was 
run with WRF, and each was run with a sensitivity test to lightning.   Lightning is an 
important contributor of NO2 in the troposphere and is important in determining the 
distribution of NO2 in the a priori NO2 profile of the retrieval.  WRF–REAM with 
lightning was chosen since it best agreed with the INTEX-NA mission, (Figure 1.5.4).  




Figure 1.5.3: NO2 SCIAMACHY retrievals compared to REAM simulations using four 









1.6 Purpose for the proposed research 
A review of the literature presents many scientific questions remaining between 
the difference of the retrieval data products KNMI and NASA.  The purpose of this 
project is to verify the claims made previously in the literature as presented in this 
introduction by identifying new sources of the discrepancies.  Some of these questions 
include: why does the NASA product produce a smaller vertical column as opposed to 
KNMI and how does an a priori chemical transport model affect the retrieval.  Is there in 
fact no statistical difference between the two retrievals using these different models’ 
outputs?  The comparison uses f-tests and t-tests to assess distribution and means 
respectfully of NO2 tropospheric vertical column output with a 95% confidence interval. 
 
This approach justifies the comparison of the most significant contributors to the 
retrieval process.  Other, less significant contributors are all held constant for this 
evaluation.  These include parameters like cloud pressure, cloud radiance, cloud albedo, 
cloud faction and ground albedo.   In brief, KNMI is found to be more sensitive to near 
surface NO2 because its radiative transfer model weighs NO2 at this location 
disproportionately more than NASA.  The a priori models play a significant role in the 
retrieval.  Since these a priori models determine the NO2 distribution in the slant column, 
they dictate, in effect, what the satellite observes.   Depending on where that NO2 is 
located in the slant column, the radiation model determines a proportionately greater or 






A variety of methods were applied to test for consistency and robustness of both 
the KNMI and NASA radiation models and both of the TM4 and REAM a priori models.  
Currently, tests are broken down to analyze the two of the three major contending parts of 
the NO2 satellite retrievals.  These include the NO2 radiance in Earth's atmosphere 
calculation, the a priori NO2 vertical profiles, but not the stratospheric–tropospheric 
separation.  Figure 2.1 shows the options selectable for a particular “meshed” retrieval 
product. 
 
2.1 Stratosphere–Troposphere Separation 
To convert the observed slant columns at each satellite overpass to vertical 
columns the contribution of NO2 in the stratosphere and troposphere must be known.  
This is because the satellite has less sensitive, lower observation efficiency to NO2 in the 
troposphere then the stratosphere.  As described in the introduction, NASA attempts to 
observe the daily stratospheric contribution by fitting a wave-2 fit to clean pixels where 
as the KNMI assumes that the TM4 chemical transport model accurately describes the 
stratosphere, subtracting the slant column equivalent directly from observations. 
 
These stratospheric separations were compared in six ways.  The TM4 stratosphere is 
used with DAK radiance and REAM a priori tropospheric profiles, DAK radiance and 
TM4 a priori troposphere profiles, DAK radiance and GEOS-Chem profiles.  Likewise 
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NASA's unpolluted stratospheric separation is used with same above three options.  The 
relative difference is computed and discussed in the results section. 
 
2.2 NO2 Constant Profile Radiance Test 
KNMI and NASA run two different off-line radiance models to calculate the 
sensitivity of the satellite to NO2 molecules under different environmental conditions.  
These models produce a lookup table that is a function of satellite geometry (the solar 
zenith angle, the viewing angle) and the relative sun-satellite azimuth angle and a 
function of the environment (pressure and albedo). 
  




The constant profile test employs one single a priori profile over the continental 
United States region.  The aim is to quantify the difference in vertical column calculations 
between NASA and KNMI scripts as result of their respective NO2 radiance model, 
TOMRAD and DAK, and not the a priori profiles.  A series of eight specific test profiles 
were developed to quantify satellite sensitivity to the radiance model.  Four profiles were 
selected exactly from TM4 OMI data: a clean profile (no tropospheric NO2) and three 
increasingly dirty profiles.  These profiles were selected to observe the sensitivity of NO2 
near the surface compared to NO2 distributed throughout the tropospheric column.  They 
were chosen with the condition that they have similar stratospheric vertical columns.  In 
addition, four profiles were created artificially.  Each of these had the same vertically 
integrated tropospheric vertical column: 3.6E15 molecules per square centimeter and 
exactly the same stratospheric distribution and tests for NO2 concentrated at different 
pressure altitudes.  All eight profiles were run over North America for month the July 2006.   
 
2.3 A priori vertical column comparison 
Three a priori models (TM4 provided by KNMI, GEOS-Chem provided by 
NASA, and the REAM provided by the department of Earth and Atmospheric Science at 
Georgia Tech) are used as the a priori input to determine NO2 vertical distributions in the 
troposphere.  GEOS-Chem annual average profiles are not presented in this thesis.  Only 
REAM and TM4 hourly profiles were used.  These two models consisted of several 
structural differences.  REAM70 is a regional tropospheric model with 23 layers, a spatial 
resolution of 70 km, and uses WRF meteorology.   REAM36 has a spatial resolution of 
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36 km.  TM4 is a global tropospheric, stratospheric model with 34 layers, a spatial 
resolution of 1 degree and uses ECMWF meteorology.   
 
The a priori profiles were necessary to initialize the retrieval with a vertical 
distribution of NO2.  This distribution is applied to the radiative transfer model to 
determine NO2 vertical column sensitivity for each layer of the a priori vertical profile.  
This sensitivity factor scales the satellite observation up or down accordingly and is 
termed the altitude-weighted-AMF or averaging kernel.  This averaging kernel is 
integrated vertically to determine retrieval layer AMFs and then vertical columns. 
 
This process is limited by the vertical resolution of both the a priori vertical 
profiles and the vertical resolution of the radiative transfer model.  KNMI and NASA 
radiative transfer models have the following resolutions and ranges for the offline 
parameters: REAM70 km has 23 vertical layers in the troposphere and REAM36 has 36 
vertical layers in the troposphere.  TM4 has about 20 layers in the troposphere and 14 
layers in the stratosphere.  This gives REAM70 37 layers total, REAM36 50 layers total, 
and TM4 34 layers total.   REAM36 and NASA TOMRAD are about equivalent in 
vertical pressure resolution.  In the retrieval, the radiative transfer model is linearly 
interpolated to fit the a priori vertical profile.   
 
KNMI interpolates TM4 model output for each OMI satellite cell.  To work with 
the horizontal resolution differences between REAM and TM4, with each satellite cell, 
the nearest REAM index is used.  Each satellite cell is gridded back to REAM resolution 
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and weighted by the cosign of the viewing zenith angle.  This results in different TM4 
averaging grids, TM470 and TM436.  Several steps are taken to solve the vertical 
differences between TM4 and REAM.  Any levels above TM4 tropopause on REAM are 
added to the REAM troposphere and the TM4 full stratosphere is copied over to REAM.  
This results in a pressure overlap between stratosphere and troposphere but this gives 
TM4 and REAM a priori models identical stratospheres.  For comparison purpose only, 
levels are linearly interpolated from 1050hPa to 0hPa with a step size of 5.5hPa.  Levels 
below the surface get a value of NaN.   Air mass factor computations are not subjected to 
this vertical interpolation.  The following parameters were always held constant in all 
case studies:  cells with cloud a fraction greater than 30% are ignored, cloud albedo of 
80% is used, OMI satellite geometry.   
 
2.4 Statistical Testing on Cities in July 
After all the direct comparisons are made between the different retrievals, the 
specific impacts on select cities of interest are analyzed to measure how well the model 
and the retrieval agree.  Cities of interest in North America include: Atlanta, Chicago, 
Los Angeles, Houston, and New York City.   Statistics on each city are computed over a 
city domain.  This domain included all REAM grid points on a roughly 1 degree or 
smaller box centered at the middle of the city.  For REAM36 retrieval a much smaller 
domain is used.  A few of the retrievals distributions below are considered for testing.  In 


















 NASA-TOMRAD-GEOSa Actual NASA Retrieval Product 
 
 MODEL-REAM (36km, 70km, 36km nL) 
 MODEL-TM4 
 MODEL-GEOSa  (‘a’ stands for annual average) 
 
[ Key: stratospheric separation – NO2 Radiative Transfer Model – NO2 A priori Model ] 
The highlighted distributions were explored in this work the remaining are yet to be done. 
 
Cities were sampled over a period of a week or more, the distribution of 
tropospheric NO2 vertical columns on even days and odd days should appear to be the 
same.  If they are not, the retrieval or model fails the test.  Statistics were computed for 
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each of the NO2 distributions over each city. F-tests and T-tests were used to compare the 
similarity of the NO2 daily distribution shape and mean, respectfully, to each of the other 
distributions within the domain of the city.  Different retrievals should not produce 
significantly different results.  Two retrievals failed the test if they were significantly 
different.  A 95% confidence is used to test for an agreeable similarity. 
 
The tests were performed as follows: 
First, odd and even days were computed.   
 KNMI-DAK-TM4-odd vs. KNMI-DAK-TM4-even 
 KNMI-DAK-REAM36-odd vs. KNMI-DAK-REAM36-even 
 KNMI-TOMRAD-TM4-odd vs. KNMI-TOMRAD-TM4-even 
 KNMI-TOMRAD-REAM36-odd vs. KNMI-TOMRAD-REAM36-even 
 MODEL-REAM36 - odd days vs. MODEL-REAM36-even 
 MODEL-TM4 - odd days vs. MODEL-TM4-even 
Second, retrievals were compared to one another.   
 Compared the different a priori vertical NO2 profiles 
 KNMI-DAK-REAM36 vs. KNMI-DAK-TM4 
 KNMI-TOMRAD-REAM36 vs. KNMI-TOMRAD-TM4 
 Compared different radiance models 
 KNMI-DAK-TM4 vs. KNMI-TOMRAD-TM4 
 KNMI-DAK-REAM vs. KNMI-TOMRAD-REAM 
 Compared the models 
 MODEL-REAM36 vs. MODEL-TM4 
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Lastly, compared the models with the retrievals 
 KNMI-DAK- TM4 vs. MODEL-TM4 
 KNMI-DAK-REAM36 vs. MODEL-TM4 
 KNMI-TOMRAD- TM4 vs. MODEL-TM4 
 KNMI-TOMRAD-REAM36 vs. MODEL-TM4 
 KNMI-DAK-TM4 vs. MODEL-REAM36 
 KNMI-DAK-REAM36 vs. MODEL-REAM36 
 KNMI-TOMRAD-TM4 vs. MODEL-REAM36 
 KNMI-TOMRAD-REAM36 vs. MODEL-REAM36 
 
The results of the F-test were calculated by subtracting the test from the F-table 
inversion for 95% and degrees freedom of the F-test.  Thus, values less than zero satisfied 
the null hypothesis and validated the difference in the shape of the two distributions were 
insignificant.  In MATLAB, the formula looks similar to this:  Freal =  (std1/std2)^2 – 
finv(0.95,df1,df2), where std1 and std2 are the standard deviations of the distributions in 
the test and df1 and df2 are the degrees of freedom of the sample size.  For the T-test, 
values greater than 0.05 satisfied the null hypothesis that the difference in the means of 
the two distributions were insignificant.  In MATLAB, the formula looks similar to this: 
[h, p] = ttest2(data1,data2,95,'both','unequal'), where h = 1 if the null hypothesis is true, p 
is the statistical significance of the test, and data1and data2 are the distributions in 
question.  In addition to f-test and the t-test, an auto covariance test is employed to check 
for patterns as a function of time in days within each of the twelve distributions.  This 






3.1 DAK and TOMRAD Radiance Comparison 
 
A NO2 radiative transfer model is necessary to determine the NO2 effective cross-
section in the column of atmosphere the satellite observes.  Since OMI is a passive 
observer, this effective cross-section is a function of pressure, albedo, viewing zenith 
angle, solar zenith angle, and the relative azimuth angle as discussed in the introduction.  
Given these five parameters, Figure 3.1.1 shows the relative difference between KNMI 
and NASA’s radiative transfer models DAK and TOMRAD respectively (Figure 3.1.1).  
This figure is the bases for all discrepancies that follow. 
 
Figure 3.1.1 is divided into two columns.  The right column is the relative 
difference and the left column is the absolute difference.  The figure is again divided by 
three rows according to selective relative azimuth angles at 0, 90, and 180 degrees.  An 
angle less than 90 degrees indicates that the retrieval is port of the satellite and conversely, 
an angle greater than 90 degrees indicates a retrieval starboard of the satellite.  Each of the 
six blocks is then a function of four solar zenith angles: 0, 20, 40, and 60 on the x-axis and 
four viewing zenith angles: 0, 20, 40, and 60 on the y-axis.  Small solar zenith angles 
indicate that the sun is directly behind the satellite and small viewing zenith angles indicate 
nadir.  For each of these geometry configurations there are contour plots which are 




   ,  (2) 
 
 
The contours represent the difference between DAK and TOMRAD for a value of 
altitude resolved air mass factor, m(z').  Larger m(z') values give a larger integrated air 
mass factor, M(z), equation 3.1.  The larger the airmass factor (M(z)) the smaller the 
product vertical NO2 column. The darker colors indicate that TOMRAD computes 
smaller air mass factors and higher NO2 concentrations for the same set of parameters as 
compared with DAK.   
 
If a priori modeled profiles have NO2 concentrated at high pressure, low albedo, 
and viewing zenith angles and solar zenith angles greater than 20 degrees, DAK will 
yield a smaller AMF port of the satellite but a larger AMF starboard of the satellite.   This 
difference between port and starboard is not zero, thus leading to increased KNMI 
sensitivity to polluted a priori profiles near the surface on the port side of the satellite.  
This effect is a maximum near solar zenith angles and viewing zenith angles of 40 
degrees, which are spring and fall, slightly off nadir.  These patterns are demonstrated in 







Absolute difference                                   Relative Difference 
  TOMRAD – DAK                                  1 – TOMRAD/DAK 
 Figure 3.1.1:  Differences between TOMRAD and DAK radiative models.  The right 
column is absolute difference and the left column is the relative difference.  The top row, 
middle, and bottom rows have a relative azimuth angle of 180 degrees, 90 degrees, and 0 
degrees respectfully.  The major x-axis is solar zenith angle, the major y-axis is viewing 
zenith angle, the minor x-axis is pressure increasing (0 to 1000hPa) and the minor y-axis 





3.2 Constant Profile Results 
As is discussed in the methods section, eight a priori model profiles were used to 
evaluate DAK and TOMRAD NO2 radiative transfer models.  The simulation over North 
America for July 2006 using constant values for meteorology: temperature, surface 
pressure, cloud fraction, and albedo and profiles, the NO2 vertical distribution profiles, 
show exactly how sensitivity to NO2 varies with retrieval geometry: relative viewing 
angle, solar zenith angle, and viewing angle (Figures 3.2.1, 3.2.2, 3.2.12, and 3.2.13).  
Environmental conditions: cloud cover, albedo, and pressure, were kept constant.  The 
images that follow demonstrate how results found in Figure 3.1.1 relate to the realistic 
retrieval situation. 
 
Figures 3.2.1 and 3.2.2 show four TM4 profiles selected to demonstrate the effect 
of different levels of NO2 in the boundary layer in comparing DAK and TOMRAD 
radiation models.  Profile 1 is the clean column case and Profile 4 is the polluted column 
case.  Profiles 2 and 3 are intermediate.  The locations from which these four profiles are 










  Figure 3.2.1: TM4 profile mixing ratios      
   
 
Figure 3.2.2: TM4 profile column layers 
 




Figure 3.2.4: 1-Profile1D/Profile1T                 
 
   Figure 3.2.5: 1-Profile2D/Profile2T  
 




Figure 3.2.7: 1-Profile4D/Profile4T  
 
Figure 3.2.4 through Figure 3.2.7 show the results of using a constant profile 1 through 4 
over the whole domain using REAM70 grid.   The white spots indicate grid points which 
did not receive coverage on July 1st.  These grid points occur at high viewing zenith 
angles.  Red colors indicate that DAK produces a lower integrated tropospheric AMF 
than TOMRAD.   As pollution levels in the boundary layer increase, the difference 
between DAK and TOMRAD get more dramatic.   In all four profiles, the  relative 
difference between DAK and TOMRAND is positive port side and negative on the 
starboard side (Figure 1.1.3).  The magnitude of the difference on starboard side is less 
than the magnitude of the difference on the port side.  Hence in the duration of this paper, 
I refer to this issue as the DAK port side bias. 
 
Averaging swaths from the whole month together result in Figures 3.2.8 through 3.2.11.  
The color bars are scaled to show spatial patterns in the test.  Of the only the four profiles 
tested, the worst case scenario resulted in a maximum amount of port side bias of roughly 
17% where everything is held constant except for the viewing geometry.  This number is 




Figure 3.2.8: 1-Profile1D/Profile1T                 
 
Figure 3.2.9: 1-Profile2D/Profile2T 
 





Figure 3.2.11: 1-Profile4D/Profile4T 
 
 
   
Figure 3.2.12: Artificial Profile Mixing Ratios     
 
      





   Figure 3.2.14: 1-Profile5D/Profile5T                 
 
Figure 3.2.15: 1-Profile6D/Profile6T  
 




Figure 3.2.17: 1-Profile8D/Profile8T  
 
 
   Figure 3.2.18: 1-Profile5D/Profile5T                 
 




Figure 3.2.20: 1-Profile7D/Profile7T                 
 
   Figure 3.2.21: 1-Profile8D/Profile8T  
 
Profiles 5 through 8 attempts to demonstrate the effect of DAK and TOMRAD on 
NO2 at different pressure levels.  These profiles were creating artificially and have the 
same integrated column concentration.  Figures 3.2.14 through 3.2.17 show the results for 
the first day of July.  The DAK port side bias decreases with increasing altitude.  Figures 
3.2.18 through 3.2.21 show the monthly average results.  Likewise, the port side bias falls 
off with increasing altitude of NO2.  Nevertheless, the solar zenith angle bias becomes 
increasingly evident and maximizes at about 40 degrees latitude.  Of the profiles tested, 
the maximum monthly average relative difference at altitude is only about 5%. 
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3.3 REAM vs. TM4 Model Differences 
There are several differences between the models REAM and TM4.  For the 
retrieval, model temperature and NO2 mixing ratio profiles are used.  The direct 
comparison between the two shows how and where to expect different air mass factor 
behavior.   REAM produces cooler temperature profiles than TM4 across the majority of 
continental North America with a maximum relative difference of about 5%.  Off the 
pacific coast REAM’s temperature profile is warmer than TM4 with a maximum relative 
difference of about -2.5%.  These differences are on the order of a few degrees Kelvin 
and represents only 1% of the calculated air mass factor error.  REAM and TM4 are in 
good agreement with temperature. 
 
At the near surface, REAM generally has higher NO2 mixing ratios than TM4.   
Some exceptions include the states of New York, Pennsylvania, Missouri, California, and 
Nevada.  These regions are about 50% lower.  On the other hand, nearly most of the 
major metropolitan cities in the southeast and southwestern United States of America 
stand out with higher NO2 mixing ratios at the surface of REAM, Figure 3.3.14.  The 
higher resolution of REAM does capture the chemistry in close proximity to these cities.  
Some of these cities have as much as double the NO2 represented in TM4.  On Canadian 
surface, it is generally observed that REAM NO2 is 50% to 100% higher than TM4.  NO2 
mixing ratios are small here and the relative differences can be expected to be large.  
Atlantic Coast NO2 is 50% to 100% less in REAM than in TM4, indicating that REAM 




      Figure 3.3.1: REAM36Ms                            
 
Figure 3.3.2: REAM36M8  
 
 




Figure 3.3.4: REAM36MnoLT8 
 
 
Figure 3.3.5: TM4Ms                                      
 






  Figure 3.3.7: REAM36M5                             
 
Figure 3.3.8: REAM36M3 
 
 




Figure 3.3.10: REAM36M3 
 
 
Figure 3.3.11: TM436M5                              
 






Figure 3.3.13: 1-REAM36Ms/REAM36MnLs   
 
Figure 3.3.14:  1-REAM36Ms/TM436Ms 
 
 




Figure 3.3.16: 1-REAM36M5/TM436M5     
 
 
Figure 3.3.17: 1-REAM36M3/REAM36MnL3   
 






At 800 mb some of the same features may be observed as at the surface.  
Comparing REAM to TM4, these features included higher NO2 mixing ratios above cities 
in the southeast and the broader Mississippi valley and lower NO2 mixing ratios over 
much of the rural areas.  All of the Atlantic off-shore regions are still 50–100% lower.  
Off the coast of British Columbia REAM is higher than TM4 likely due to bioactivity.   
Hudson Bay and the Labrador Sea also exhibit this behavior. 
 
In the upper atmosphere, at 500 mb, most of the effects of cities are gone.  At this 
level, Canadian NO2 mixing ratios are 25% to 100% higher with REAM than those in 
TM4.  This difference could be a result of a combination of things including better 
Canadian emissions inventories and thunderstorm activity.  At the 200 mb level, 
lightening activity over Mexico and the southwest dominant the difference.  A similar hot 
spot is found over central Florida and the Caribbean.  Over Canada, it is observed that 
TM4 and REAM are exactly equal as it would be expected since the TM4 stratosphere is 
used with both models. 
 
Figures 3.3.19 through 3.3.22 above show the vertically integrated tropospheric a 
priori models results, averaged for the month of July 2006 used in this comparison.  Of 
the three models, TM4 has the lowest resolution and the least amount of NO2 spatial 
variability.  The REAM 36 km model, conversely, has the highest resolution and 
accounts better for urban and rural NO2 variability.  The REAM 70 km model covers a 
wider domain and with nearly a quarter the resolution of REAM 36 model, but represents 
a twofold improvement in resolution over TM4.  The REAM models are better at 
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capturing urban and power plant NO2 variability compared to TM4, with power 
production features like the Ohio River Valley and Four Corners.  The REAM models 
also pay more attention to cities Portland, Oregon and Atlanta, Georgia.  REAM 36km 
further acts to concentrate NO2 to the source region compared to REAM70 and TM4. 
 
Figure 3.3.19: TM4M                                       
 





  Figure 3.3.21: REAM70M                          
 
Figure 3.3.22: REAM36MnL 
 
 
Figure 3.3.23 shows the relative difference between the REAM 36km and 
REAM70km models.  A negative value indicates that REAM36 is higher and a positive 
value indicates that REAM70 is higher.  In the rural areas and over much of the ocean, 
REAM 36 is 25 to 50 percent lower than REAM70.  In the eastern half of Canada and the 
mountains of Mexico, REAM36 is more the 50% lower than REAM70.  Most of the 
urban regions are more than 50 percent higher in the REAM36 model compared with the 
REAM70 model.  There are a few off shore differences in the REAM36 near South 





  Figure 3.3.23: 1-REAM36M/REAM70M      
  
Figure 3.3.24: 1-REAM36MnL/REAM36M 
 
  




  Figure 3.3.26:  1-REAM36MnL/TM436M 
 
 
3.4 Retrieval Comparison 
The purpose of this test is to show how the retrieval reacts to different modeled a 
priori profiles in addition to each radiative model.  These methods were discussed in 
section 2.4.   Figure 3.5.1 shows the results from this test.  The following results indicate 
how these retrievals compare relatively to one another. 
 
Figure 3.4.1 shows how REAM and TM4 compare over the 1st of July at the time 
of OMI overpass.  The green bulleted series indicate the model vertical column.  The 
violet bulleted series indicate the KNMI retrieval slant column calculated using that 
model vertical column.  The plot serves multiple purposes.  First, it is to show how 
REAM vertical structure compares with TM4 vertical structure.  They are nearly identical 
in structure in number of vertical layers.  It also shows how REAM merges into the TM4 
stratosphere.   This process left few discontinuities.  And finally, the plot shows show 
how the retrieval is based on the distribution of NO2 in the vertical column and not the 
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magnitude of the vertical column.  REAM has relatively high slant columns aloft due to 
sensitivity to the radiation model here.  A higher slant column means a higher air mass 
factor which means a lower retrieval vertical column.  In the case of downtown Atlanta, 
REAM’s small slant column near the surface reverses this effect. 
 
Figure 3.4.2 indicates that REAM has at times significantly more NO2 in the upper 
troposphere compared with TM4.  In the upper troposphere the lifetime of NO2 is on the 
order of days.  Such long lasting events tend to reduce REAM retrieval vertical columns 
as result of the air mass factor calculation.  Air mass factors are a function of the a priori 
distribution which is then scaled by the radiative transfer model.  These events spread out 
to have much as half the REAM domain.  Unlike in the urban case, Figure 3.4.1, there 
low near-surface NO2 to make up for the difference.   
 
  





Figure 3.4.2: Comparison of the Model Vertical and Retrieval Slant Column, Oklahoma.  
 
Figures 3.4.3 through 3.4.8 show the direct retrieval results for the three a priori 
models above using the KNMI NO2 radiance model DAK and TOMRAD averaged over 
the month of July.  The general features of the retrieval somewhat mimic their respective 
a priori NO2 models, as shown in Figure 3.3.19 through 3.3.21.  The retrieval thus has a 
bias to the chemical transport model which initializes it. The retrieval does plenty, 
however, to bring the three different a priori models, TM4, REAM70, REAM36,  closer 
to the same result given the same set of satellite observations.  The direct relative 
differences between the three retrievals are described later. 
REAM70 retrieval is closer to resembling TM4 retrieval than the REAM36 
retrieval.  REAM36 shows a significantly cleaner Rocky Mountains region.  In addition, 





Figure 3.4.3: TM4D                                              
 
Figure 3.4.4: TM4T 
 
 




Figure 3.4.6: REAM36T 
 
 
Figure 3.4.7: REAM70D                                       
 









Figure 3.4.9 represents the relative difference between the retrieval products using 
REAM36 and REAM70 a priori models.  It is a busy plot due to the resolution 
interpolation scheme used, but some general patterns emerge.  A negative value indicates 
that REAM 36 retrieval produces a larger result.  Across the board, REAM36 a priori 
retrieval shows more NO2 in urban and industrial regions.  However, in the high elevation 
rural regions of the western United States there is remarkably less NO2 in the REAM36 
retrieval which is in contrast to the lowland Mississippi River states rural regions.  A 
similar pattern was not found in the direct model comparison, meaning that the difference 
in east and west is as result of the DAK radiation model. 
 
Figure 3.4.9: Relative difference 1-REAM36/REAM70 







Figures 3.4.10 through 3.4.13 compare four different versions of the TM4 model 
to the TM4 retrieval.   Red colors indicate that the model is too low.   Figures 3.4.10 and 
3.4.12 use KNMI's DAK radiation model and Figures 3.4.11 and 3.4.13 use NASA's 
radiation model TOMRAD.  Figures 3.4.10 and 3.4.11 use the REAM36 grid and Figures 
3.4.12 and 3.4.13 use the REAM70 grid.   When comparing the model and retrieval, grid 
size matters.  For example, Figure 3.4.12 shows less extreme differences between the 
TM4 model and the DAK retrieval compared with Figure 3.4.10.  The same pattern due 
to grid resolution alone is observed using TM4 together with TOMRAD.   
   
Figure 3.4.10: 1-TM436M/TM436D      
 




   
      Figure 3.4.12: 1-TM4M/TM470D           
 
Figure 3.4.13: 1-TM4M/TM470T 
 
The TM4 model with the DAK retrieval compares better than the TM4 model 
with TOMRAD over the Ohio Valley and the plains states west of the Mississippi River, 
Figures 3.4.10 and 3.4.11.  However, the TM4 model underestimates much of the Rocky 
Mountain states and the Southeast.  However, TOMRAD shows improvement in the 
Southeast compared with the DAK retrieval and exhibits a more balanced positive and 
negative difference over the Rocky Mountain States.  Both DAK and TOMRAD 
retrievals indicate that TM4 underestimates a priori profiles for most urban and industrial 





Figures 3.4.14 through 3.4.17 show how the REAM a priori model compares with 
the DAK and TOMRAD retrievals.  Unlike in the last comparison, the REAM70 and 
REAM36 are models that are simulated separately.  The resulting model differences are 
shown in Figure 3.4.9.  The scale on Figures 3.4.16 and 3.4.17, the REAM70 simulation, 
are doubled.  The REAM36 model offers superior a priori profiles compared to the 
REAM70 model using either radiation model.  The TOMRAD retrieval is less sensitive 
to REAM36 a priori model and comes to better agreement in urban regions, suggesting 
that the REAM a priori overestimates rural regions with the exception of the west coasts 
of the United States and Mexico.  The DAK model, however, suggests that REAM36 
underestimates border regions of the west coast, the North Midwest and Great Lake 
states.  Thus, depending on the question, one radiative model offers better agreement then 
the other. 
 
   




 Figure 3.4.15: 1-REAM36M/REAM36T 
 
Figure 3.4.16: 1-REAM70M/REAM70D       
 




Figure 3.4.18: 1-REAM70D/TM470D         
 























In general REAM36 and REAM70 DAK retrievals compare similarly with the 
TM4 DAK retrieval, Figures 3.4.18 and 3.4.19.  The result consists of much lower greater 
than 25% NO2 over the majority of the United States.  The exception is the Pacific 
Northwest where REAM and TM4 DAK retrievals agree more closely.  On the Oregon 
coast line, the REAM DAK retrieval produces more NO2 than TM4.  The largest 
difference between REAM a priori profiles and TM4 a priori profiles are found in urban 
centers of the United States.  The exception being the New England states where TM4 
profiles have their highest boundary layer concentration over this domain.  In general, 
REAM a priori profile retrievals put more NO2 in urban and industrial regions and less 
NO2 in rural regions. 
The amount of lightning also impacts REAM retrievals.  Removing the lightning 
increases the retrieval NO2 because the model a priori shifts the NO2 distribution toward 
the boundary layer where the radiation model is more sensitive.  DAK is more sensitive 
than TOMRAD.  As discussed in the next section, DAK also has a stronger port side bias 








Figure 3.4.20: REAM36MnL          
    
Figure 3.4.21: 1-REAM36MnL/REAM36M 
 




Figure 3.4.23: REAM36TnL 
 
 
Figure 3.4.24: 1-REAM36DnL/REAM36D       
 








3.5 Internal Retrieval Issues 
 
The retrieval itself has issues that confound these results.  As discussed in greater 
detail in the section 1.1, because of the geometry of the OMI satellite’s sensor, pixels 
observed port and starboard are not viewed symmetrically.  The viewing zenith angle of 
the satellite over a certain coordinate on the ground flips from high one day (~40-60°) to 
low (~0°) the following day, repeating.   The result is that that coordinate is viewed daily 
from an alternating satellite port and starboard side perspective, generating an alternating 
retrieval bias for that coordinate.   In addition to this alternation, the satellite overpass 
path shifts eastward of the coordinate with a period of about eight days before the path is 
directly overhead again.   The NO2 radiative transfer model attempts to make up for this 
asymmetry as a function of relative azimuth angle (RAA).   The results in this section 
show to what extent this correction is an issue for the retrieval, and focuses on the DAK 
NO2 radiation model.  TOMRAD has a less extensive but similar issue. 
 
Figures 3.5.1 through 3.5.6, show two sets of images, over two different period of 
days.   Figures 3.5.1, 3.5.3, and 3.5.5 show a period of 8 days starting on July 8th and 
Figures 3.5.2, 3.5.4, and 3.5.6 show a period of 30 days starting on July 1st.  The periods 
of days are broken down into even and odd days where even days are averaged together 
and odd days are likewise averaged together.  The subsequent image is the relative 






Figure 3.5.1: 1-RAAodd/RAAeven 5-8      
   
Figure 3.5.2:  1-RAAodd/RAAeven 1-30 
 
 







Figure 3.5.5: 1-REAM36Mo/REAM36Me5-8   
 









Figures 3.5.1 and 3.5.2 show the RAA odd and even day comparison over each 
respective period of days.  Figures 3.5.3 and 3.5.4 show the retrieval corresponding with 
the figures directly above.  Figures 3.5.5 and 3.5.6 show the same averaging technique 
applied to the REAM36 Model.  It is evident, looking at the retrieval and the RAA that 
there is a strong anti-correlation between the two.  This indicates an odd day, even day 
bias which is not observed in the REAM36 model.  For a particular coordinate, it is not 
evident how what is NO2 variability or RAA radiative model over correction.  Comparing 
odd and even days over a whole month helps to remove this bias.  However, there are 
many “slits” due to the eastward swath progression that escape the average.  Thus, if a 
particular coordinate of interest falls in one of these slits and day-to-day variability is of 
concern, much of the variability may be artificial. 
 
Figures 3.5.7 through 3.5.18 show the same sort of comparison as the previous 
figures.  Nevertheless, in addition to contrasting odd and even days, the comparison is 
broken down by sets of every other day (same as comparing odd and even), every other 
set of 2 days, every set of 3 days, 4 days, 6 days and every other set 8 days over a period 
of 24 days starting on July 1st.   The exception is that the 8 day comparison only looks at 
a 16 day interval.  These are denoted in the figure titles as RAA1, RAA2, etc. and 









Figure 3.5.7: RAA1                                      
  
        Figure 3.5.8: REAM36D1 
 
  




          Figure 3.5.10: REAM36D2 
  
        Figure 3.5.11: RAA3                                    
 




Figure 3.5.13: RAA4                                    
   
        Figure 3.5.14: REAM36DAK4 
 
  




Figure 3.5.16: REAM36DAK6 
  
Figure 3.5.17: RAA8                                    
 










Figures 3.5.7, 3.5.9, 3.5.11, 3.5.13, 3.5.15 and 3.5.17 show the RAA for 1 day, 2 
day, 3 day, 4 day, 6 day and 8 day sets, respectively.  To the right of these figures are the 
respective REAM36DAK retrievals.   The reason that Figure 3.5.7 does not look like 
Figure 3.5.2 is that the retrievals are performed over a different period of days.  Figure 
3.5.7 is the first 24 days of July and Figure 3.5.2 is the first 30 days.  Thirty days is closer 
to two complete sets of 8 day precession cycles whereas 24 days is more like 1.5 sets of 8 
days precession cycles, hence Figure 3.5.7 shows a pattern that looks similar to figure 
3.5.1. 
 
The more centered on zero and the less correlated with RAA the retrieval the 
better.  Thus, the three day average appears to do best.  Average over every other day, 
every four days and every eight days do not perform well to eliminate the port side, 
starboard side observation bias due the daily alternating of viewing zenith angle and the 
eight day precession of the swath.  In general, as the swaths become wider, nearer and 




3.6  Odd vs. Even Day Statistical Results on Retrievals for Select Cities 
As observed in the previous results section, the satellite switches relative azimuth 
angle over a city each day.  For example, one day the relative azimuth angle over 
Chicago will be less than 90 degrees, the next day it will be greater than 90 degrees, then 




Four cities were selected in North America to test for similarity of the REAM 
model to OMI satellite retrieval.  These four cities include  Atlanta, Los Angles, Chicago, 
and New York.  Figure A.11 shows how OMI relates to the cities of interest over North 
America with respect to the viewing zenith angle.  A viewing zenith angle of zero, blue, 
indicates the satellite is viewing straight down.  In other words, at this location, the satellite 
passes over North America.  The red indicates the maximum viewing zenith angle (~60°).  
This red zone, where viewing zenith angle is high, separates one swath from another.  A 
little over one hour will elapse from one swath to the next.  With reference to Figure A.11, 
port, or west, of the satellite is indicated by low relative azimuth angle and starboard, or 
east, of the satellite is indicated by high relative azimuth angle.  Observe how New York is 
only port of the satellite on even days and starboard of the satellite on odd days.  Similar 
relationships can be concluded with the other cities.  This graphic is included to help in 
associating the satellite’s viewing geometry in relationship to four cities for the following 
statistical analysis.  As the days progress, the alternation of port and starboard move 
eastward. 
 
To test the reality of these using real cities, a series of the figures below describe 
the results.  The figures consist of two sections.  The top section shows log normal fits of 
each of the 12 distributions: four different retrievals and the two chemical transport 
models used in this study, separated into even and odd days.  Appendix A consists of the 
raw data, f-tests and t-tests, and the accompanying histograms for all the tests used in this 
presentation.  Three tables which aim to perform statistical tests comparing one 
distribution to the next.  The table on the bottom right shows how each of the 6 




Generally speaking, both REAM and TM4 models alone are much more normally 
distributed than the retrieval.  This implies that both models haven't yet captured much of 
the variability of day-to-day NO2 column distributions.   
 
Cities are evaluated from a start-day averaged for a period of days.  The flexibility 
of start-day and range of days allowed one to consider the effects of satellite precession 
over a city depending on its location. Satellite coverage of a city is such that ever day 
VZA switches.  If one day the city is nadir to the satellite the next day VZA will be 60 
degrees.  This switching back and forth processes eastward from one satellite swath to the 
next.  It takes about 14-16 days before a city which observes nadir, observes nadir again.  
This implies a period of 8 days, 4 of which are observed port of the satellite and 4 of 
which are observed starboard of the satellite.  From the constant profile test, section 3.3, 







        Figure 3.6.1: Atlanta 36 July1-30                   
 
 
Figure 3.6.2: Atlanta 36nL July1-30 
 
 
Figure 3.6.3: Auto covariance over Atlanta July1-30 
77 
 
Figures 3.6.1 and 3.6.2 show the analysis results for downtown Atlanta using 
REAM36 domain.  The dashed lines are even days averaged together and the solid lines 
are the odd days averaged together.  The red and black lines use DAK radiative transfer 
model and the green and dark blue color lines use the TOMRAD model.  The magenta 
and light blue lines are the TM4 and REAM models respectfully.   Ideally, the closer the 
lines are to one another, the closer the match of the various runs.  Figure 3.6.2 is the 3.6.1 
case except REAM lightning NOx production was turned off.   The DAK retrievals are 
more sensitive to lightning NOx than the TOMRAD retrievals.  By turning off lightning 
NOx, the retrieval to model compares worse than in the case with lightning NOx.  
Furthermore, the port side bias is clearer to observe in the no lightning NOx case. 
 
Figure 3.6.3 shows the auto covariance of the each radiation and a priori model.  
The left column is dedicated to the TM4 model and the right column is dedicated to the 
REAM model.  The top row uses the DAK model, the middle row uses the TOMRAD 
model, and the bottom row is the respective a priori model.  Each lag indicates a 
subsequent day correlated with the first day of July.  Odd days and even days are anti-
collated, due to the port side bias as result of the flipping relative azimuth angle.  
Furthermore, the eight day satellite precession period is visible.  However, these patterns 
are not evident in the a priori models.  In addition, although the TOMRAD auto 
covariance is more balanced than DAK auto covariance the TOMRAD auto covariance is 



















Chicago was chosen to demonstrate more clearly the effects of port and starboard 
biases.  Chicago NOx chemistry is much better represented by regional models than that 
of Atlanta, furthermore making Chicago a more suitable testing ground.   Referring to 
Figure 3.6.2 Chicago is port of the satellite OMI on odd days.   It is observed that all the 
retrievals on odd days indicate higher NO2 tropospheric vertical column means as longer 
log-normal tails.  Even days on the other hand are cleaner.  Referring to Table A.2, only 
the TM4 mean on odds days compared with the KNMI TM4 and NASA TM4 retrieval is 
dissatisfactory.  On the other hand, REAM model means are always satisfactory 
compared with retrieval means.  The only model that passed the f-test is REAM on even 
days compared with the NASA REAM retrieval.  Despite TM4 retrieval coupling, REAM 
auto-covariance agrees better with the auto-covariance of all four retrievals. 
 
On the other hand, when the same analysis was performed on the same city for a 
period 7 days later, REAM agreed much better with the retrieval. For example, on July 
7th, Chicago starts just starboard of nadir.  Being starboard and near nadir reduces the 
effect of the relative azimuth bias.  Referring to Table A.2, both TM4 and REAM manage 
the capture the mean NO2 tropospheric vertical column well.  However, with this near 
nadir setup, REAM now out-performs TM4 by two orders of magnitude on the f-test, 























New York City was selected to show the adverse effect of coupling the chemical 
transport model to the retrieval.  On July 5th New York City is about as far off nadir as 
possible just starting on the starboard side of the swath.  Thus, it would be expected that 
odd days are less polluted with NO2 than even days.  This is the case, though for the 
interval in question New York City is approaching nadir from the starboard side; thus 
experiencing minimal effects of the relative azimuth angle bias.  It is important to note, 
however, that TM4 had developed a strong bipolar moment between the even and odd 
days.  This should be compared to REAM which was relatively stable from day to day 
being that it is independent of the retrieval.   REAM is nevertheless a little bit low, as 
indicated in Figure 3.6.5 and the t-tests in Table A.4.  As a consequence of this bipolar 
moment, TM4 for once does better than REAM on the f-test on even days whereas on 
odds REAM assumes superiority again.  This TM4 bipolar moment is reversed on the 8 
days leaving nadir where New York City and is found on the port side of the satellite on 
odd days.  This is the converse situation as before and likewise the TM4 even day-odd 


























Los Angeles was selected because of all these cities, it experiences minimal 
cloudy days in July.   Figure 3.5.8 shows Los Angeles from the 1st of July to the 30th of 
July.  These satellite effects, when averaged out over a month, disappear.   Even for the 
monthly average, REAM vastly out-performs TM4 and NASA retrievals agree better 
with the models.  Only the NASA REAM retrieval mean NO2 tropospheric column 
concentration agrees within the 95% confidence interval with the REAM model.  All 
other tests fail.   Nevertheless, despite the long duration of this analysis, these retrieval 
periodic effects retain their footprint in the auto covariance.  All four of the retrievals 
show the eight-day period that was explored in depth with the previous cities.   When 
observing a whole month together, the effect of TM4 coupling with the retrieval is made 
evident.  TM4 coupling lags behind the retrieval by as much as one day at times.  REAM, 
on the other hand, does not show any such dependency.   In all cases, after one month, a 
point on the series is no longer correlated with point further out than one month. 
 
In narrowing down the interval to eight days, this created a scenario in which on 
the odd days Los Angeles is just leaving one swath and starting the starboard side of the 
other swath and on the even days Los Angeles is leaving nadir and starting port side of 
the swath.  As expected, KNMI retrieval produces a highly polluted distribution.  
However, this distribution is likely too high since the TM4 model does not even come 
close to agreeing with its own retrieval.  As was seen in the previous case, Figure 3.6.8, 





Figure 3.6.10:  Distribution plot for inner Los Angeles using REAM36 domain. 
 
 
Figure 3.6.10 shows the spatial variability of NO2 compared to the two previous 
Los Angeles figures, Figures 3.6.8 and 3.6.9.   Here the REAM36DAK and the 
TM436DAK retrievals for even days indicated by the dashed red and black lines, 
respectfully, are excessive. The  DAK radiation model is sensitive to the REAM36 a 
priori model and its retrieval mean is significantly different than the other retrievals 







The original hypothesis is that there would be no significant difference between 
the retrievals using different a priori models or different radiative models.  The results 
show, however, that not only are there significant differences in few of the means and 
most of the model a priori distributions calculated here, but there are significant problems 
as well.   
 
Over New York City, for example, TM4 observes higher NO2 levels on even days 
and low NO2 levels on odd days.  The model and retrieval are coupled such that this 
generates a positive feedback mechanism where TM4 will predict higher NO2 on even 
days and lower NO2 on odd days (Figure 3.6.5) until finally odd and even days are 
viewed on opposite sides of the satellite and the reverse positive feed mechanism occurs, 
Figure 3.6.6.  Under such circumstances, TM4 becomes less stable and reliable. 
 
The most highly unexpected result is the low vertical columns of the retrievals 
using REAM.  The reason this was at first unexpected is because the REAM model has 
more NO2 in the vertical column than the TM4 model.  Nevertheless, the result of the 
retrieval only depends only on the distribution of NO2 in the vertical column.  REAM has 
more NO2 aloft to due lightning production.  This NO2 aloft increases the total 
tropospheric slant column concentration which is proportional to the tropospheric air 
mass factor, and thus reduces tropospheric vertical column.  This implies either that 
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REAM has too much NO2 aloft or that the radiation model is too sensitive to NO2 aloft 
and in either case the REAM model does not agree well with observations in rural areas. 
Another entirely unexpected result is the dependency of the air mass factor on the 
relative azimuth angle.  In other words, KNMI is more sensitive to locations to the west 
of the satellite path, port, and less sensitive to locations to the east of this overpass, 
starboard.  For a city on the ground, being west or east switches every day.  This is 
related to the radiation model used by KNMI and to a lesser extent by NASA.  It is 
possible that the satellite’s sensor asymmetry has changed since being first launched and 
the radiation tables simply need to be reoptimized for different viewing geometries.   
Nevertheless, for information regarding NO2 vertical columns, this day-to-day effect can 
be quite dramatic as was seen in the case for New York City.  This should call into 
question the “Near Real Time” application promoted KNMI since rough 3 days need to 
be averaged to reduce the effect of the problem. 
 
However, most of the significant differences between the means and distributions 
of NO2 in the model and from the retrievals were expected.  These differences are mainly 
due to the on horizontal resolution of REAM and the known sensitivity of KNMI to large, 
near-surface NO2 sources.  These differences were to be expected as result of previous 
studies and known advantages of using higher resolution chemical transport models. 
 
As was seen in Figure 1.4.3, in the INTEX-B flight shows that NASA averages 
slightly less than as observed by the flight and KNMI retrieval average over with greater 
NO2 than the NO2 columns observed in the flight.  Although this study looks at a 
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different time and with no direct ground or air validation, the same results are found to 
persist here: KNMI averages greater NO2 tropospheric vertical columns than NASA.  If 
the assumption that NASA, though under predicting, is closer to the validation than 
KNMI persists as well, then it would be possible to conclude that REAM modeled 
profiles with the NASA modeled radiation does best to predict NO2 in urban regions. 
 
There is, however, a severe implication on the role of lightning in this retrieval.  
REAM is engineered to match lightning observations and has more lightning NOx 
production then TM4.  It is observed directly how much larger NO2 aloft in REAM that 
can be compared to levels in TM4.  In mixing ratio terms, this represents more than 200% 
more NO2 in REAM.  High slant columns, as determined by the radiation model, give 
high air mass factors and thus a lower retrieval vertical column.  This NO2 aloft in 
REAM severely redistributes the NO2 altitude-dependent air mass factor that 
subsequently underestimates the NO2 in rural areas relative to TM4.  REAM’s urban 
pollution increase off-setd this effect.  Nevertheless, comparing the REAM model to the 
REAM retrieval, the opposite is found: REAM over predicts NO2 in rural areas and under 
predicts the cities.  An even higher resolution REAM model that constricts NO2 to the 
cities may fix this problem, agree more closely with the ground observations and adjust 







Tests on the radiation models and chemical transport models demonstrate 
potential problems which confound the retrieval.  One issue involves the radiation model 
include a port and starboard satellite bias which make KNMI more sensitive to near 
surface NO2 on the port side.  Issues as result of the chemical transport model include 
problems regarding the distribution of NO2 aloft in the troposphere, inaccurate emissions 
inventories, and sensitivity regarding horizontal resolution. 
 
In all four North American cities tested, Atlanta Los Angeles, New York City, 
and Chicago, both REAM and TM4 failed the f-test for getting the variability of NO2 
columns over that city correct.  There were a couple of exceptions where REAM and the 
retrieval agreed on variability.  Aside from the city of Atlanta, REAM and TM4 did fairly 
well at getting the mean concentration of NO2 over cities accurate.  The exception was 
over Los Angeles where TM4 failed the T-test but REAM did not.  Overall, REAM, a 
regional chemical transport model, did much better at matching all retrieval outputs.  In 
general, however, the retrieval using TOMRAD outperformed the DAK retrieval in 
agreeing with the REAM model and in producing balanced day-to-day results.  This does 
not imply that the NASA retrieval correlates better with ground measurements than 





There are several avenues for further study regarding the retrieval and its 
implications on our understanding of air quality.  These suggestions could lead to a very 
successful, perpetuating, Ph.D. thesis and a continued sustained research group within 
Earth and Atmospheric Science at Georgia Tech. 
 
The first logical step would be to reinvestigate the radiative model underlying the 
retrieval.  There is beyond a doubt a statistical difference between air mass factors 
computed on the east and west sides of the satellite.  Hence, coupling the chemical 
transport model to the retrieval makes the chemical transport model more unstable.  Such 
an investigation should aim to understand how these differences arise and correct for 
these differences such that there is no longer a robust systematic error attributed to the 
relative azimuth angle.  This step would affect all future research and application of these 
two OMI products evaluated here, KNMI and NASA, and therefore should receive first 
priority.   This would require further collaboration with KNMI and NASA to acquire a 
deeper understanding of their radiative transfer models. 
 
It would also be useful to investigate adding a water vapor dimension to the 
radiation look up table.  Such a variable could account for water vapor in the slant 
column, hydroscopic aerosols, optically thin clouds, and perhaps even improve upon the 
cloud fraction restriction.  Since it would be calculated off-line, it would not cost the 





The constant profile test needs to be rerun using REAM a priori profiles at certain 
extremes.  Such extremes would account for high near-surface NO2 at different pressures 
and albedos (held previously constant), and one high lightning NO2 aloft profile.  The 
TM4 profiles used in this thesis just barely were within the published error ranges. 
 
In addition, it would be useful to have NO2 soundings for a period of time over a 
particular region of interest in order to validate chemical transport models and their 
retrievals.   Currently, field data typically includes, one or two airborne studies and a 
couple of scattered column measurements.  Regarding the problems of this retrieval 
presented here, it is impossible to say if the model is correctly assessing NO2 via 
chemical transport model assumptions or if the retrieval is disproportionally weighting 
NO2 when computing air mass factors.  Light aircraft could be solicited from around the 
country to take sample profiles for a period of one month under visual flight rules at the 
time of satellite overpass.   Six sites operated over the span of a month could be quite 
informative regarding model and retrieval validation. 
 
It would be useful to take the minimum, maximum, and average case retrievals, 
and perform inversions to improve current emissions inventories. Furthermore, although 
REAM did an excellent job in capturing the variability of NO2 over cites of interests 
compared to TM4, it still more often than not produces distributions statistically different 
than that of the retrieval.  This is observed even in the monthly average.  The cause for 
this is the incorrect distribution of NO2 in the vertical column.  These models require 
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further optimization to better understand air quality and physical and chemical processes. 
 
In connection with the above idea about improving the models, a good model and 
a good retrieval could be used to back-out cloud albedo.   The current algorithm assumes 
that all clouds at all pressures have an albedo of 0.8.  This seems to be an awfully basic 
assumption to make, which could have a profound effect on determining the amount of 
NO2 over a partly clouded or completely clouded cell. 
 
Another avenue for potential study would be to develop a recursive retrieval 
algorithm.  This would work by taking the a priori guess, calculating the retrieval and 
then adjusting the a priori guess intelligently, taking the retrieval again, and repeating the 
process until an acceptable level of convergence is attained.  Such retrieval would rely on 
accurate radiation models and a stratospheric model to first estimate the tropospheric 
vertical column, as should be done now.  Referring to section 1.5 for ideas on NO2 source 
separation, one would then access the spatial and temporal observed effects of NO2 in the 
tropospheric column.  If the feature is wide spread with a lifespan of several days, it is 
probably NO2 as result of lightning in the mid to upper troposphere.  If the feature is 
concentrated and variable, then it is probably an anthropogenic source of NO2 and near 
the surface.   In making these two assumptions, the retrieval could actively adjust the 
vertical column distribution of the a priori guess to best suit its own observations.    
 
The more lightning the model uses, the smaller retrieval result. This would confound soil 
emissions, especially in rural regions.  How does the inversion know what is lightning 
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and what is soil?  This is why I suggested a recursive retrieval/inversion script.  If the 
script understands how NO2 evolves, it can distinguish the seasonal NO2 soil cycle from 





























































































































Figure A.11: Viewing Zenith Angle of OMI from July 1st to July 8th 
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